We report the systematic investigation of the specific heat of the noncentrosymmetric superconductor Li2(Pd1−xPtx)3B as a function of x. There is a large deviation of the phononic specific heat from the conventional Debye specific heat for Pt-rich samples. In contrast with the fully-gapped conventional behavior for small x, a power-law temperature dependence of the electronic specific heat is observed even at x = 0.5. This results manifest a strongly-anisotropic or nodal superconducting gap even at x = 0.5 and a nodal superconducting gap for x 0.9.
Superconductivity in the absence of inversion symmetry has been attracting much interest because of possible novel phenomena such as the enhancement of the upper critical field H c2 beyond the Pauli limiting field, and the emergence of a topological superconducting state [1] [2] [3] [4] [5] [6] [7] . Mixing of spin-singlet and triplet pairings due to parity mixing is a key ingredient for such unconventional phenomena. Li 2 (Pd 1−x Pt x ) 3 B is one such superconductor exhibiting a novel superconducting state for x > 0.8, attributable to the dominance of spin-triplet pairing [8] [9] [10] . This system offers an ideal stage for studying mixedparity superconductivity, because of its non-magnetic and weakly-correlated nature [9, [11] [12] [13] [14] . However, details of the superconducting gap structure and its evolution with x are still unclear: several studies indicate a nodal superconducting gap for higher x [8] [9] [10] 15] , whereas others report fully-gapped superconductivity for all x [16] . To resolve this issue, systematic investigations of the x dependence of physical properties are required.
In this paper, we report a systematic specific-heat investigation of Li 2 (Pd 1−x Pt x ) 3 B as a function of x, finding presence of phonon anomaly reflecting the lattice distortion [10] . Power-law temperature dependence of the electronic specific heat is observed for x ≥ 0.5. Considering a recent NMR study [10] , our results suggest the development of a strongly-anisotropic superconducting gap even at x = 0.5 and a nodal superconducting gap for x 0.9.
The polycrystalline samples used in this study were synthesized by two-step arc melting [18] , and are from the same batches as the samples used in Ref. [17] . The x values refer to the nominal composition of Pt. The specific heat c p was measured down to 0.35 K with a 3 He refrigerator with a calorimeter (Quantum Design, PPMS).
The temperature dependence of the molar c p /T per formula unit (f.u.) of Li 2 (Pd 1−x Pt x ) 3 B is presented in Fig. 1(a) , together with the ac susceptibility χ ′ ac [17] . For x = 1, the two samples reported in this work are identified as #1 and #2. As indicated by the vertical dotted lines, the thermodynamic superconducting tran-sition temperature T c determined by entropy conservation agrees well with the temperature previously determined by ac susceptometry [17] . The normal-state c p /T below 3 K in magnetic fields above H c2 is presented in Fig. 1(b) . We find that the normal-state c p /T is independent of magnetic field (not shown), confirming the results in Ref. [15] . The data are fit with the conventional DebyeSommerfeld model: c p /T = γ n + D(Θ D /T )/T . Here, γ n is the electronic specific heat coefficient (Sommerfeld coefficient) and D(Θ D /T ) is the Debye specific heat. The latter is defined as
where Θ D is the Debye temperature, N f.u. = 6 is the number of atoms per formula unit, N A is Avogadro's number, and k B is the Boltzmann constant. Here we neglect the difference between the constant-pressure and constant-volume specific heats. For all samples, the c p /T below 3 K is well fit by the model; as examples, we present the fitting results for x = 0 and x = 1(#1) with broken curves in Fig 
Interestingly, at elevated temperatures, the δc p /T value increases significantly as x increases, but slightly decreases at x = 1. This indicates that the low-energy phonon dispersion changes significantly with substitution. A large deviation from the conventional DebyeSommerfeld model is evident for Pt-rich samples. Now, we examine the x dependences of T c and the normal-state specific heat parameters. The x dependence of the thermodynamic T c in Fig. 2(a) is wholly consistent with those in previous reports [17, 19, 20] . In contrast to the significant change in T c , γ n is nearly constant; effects other than the density of states influence T c . The anomalous phononic specific heat δc p /T , plotted in Fig. 2(c) , exhibits a steep increase from x = 0 to the Ptrich side, and forms a broad maximum around x ∼ 0.9; similar tendency is seen in Θ D . Recently, it was reported that parameters characterizing the local lattice distortion, such as the M -M -M bond angle between neighboring M 6 B (M =Pd, Pt) octahedra and the ratio of the M -M bond lengths, exhibit abrupt changes in the range 0.8 < x < 0.9 as shown in Fig. 2(d) [10] . This indicates a lattice instability in this x range. The observed enhancement of δc p /T is clearly related to this lattice instability, which should cause a phonon softening at x ∼ 0.9. Note that δc p /T remains large even at x = 1, indicating that this phonon mode remains soft in the Pt-end member.
Next, we focus on the electronic specific heat c el in the superconducting state, shown in Fig. 3(a) . Since the contribution of the Debye phononic specific heat has been determined by the previous analyses, the zero-field c el /T in the entire temperature range is deduced by subtract-
FIG. 2. (Color online)
Dependence on x of (a) the superconducting transition temperature Tc, determined from the specific heat cp, from the ac susceptometry at low frequency χac [17] as well as at high frequency using an NMR coil [19] , and from the resistivity ρ [20] ; (b) the Sommerfeld coefficient γn; (c) the Debye temperature ΘD and the deviation of cp/T from the Debye-Sommerfeld model at 10 K (see Fig. 1(c) ); (d) the M -M -M bond angle between neighboring M6B (M =Pd, Pt) octahedra and the ratio of the M -M bond lengths, indicating an abrupt change in the octahedral distortion reproduced from Ref. [10] .
ing D(Θ D /T )/T and a polynomial fit of δc p /T from the experimental result. For x = 1, the result of another sample from a different batch (#2) is also presented. As shown in the figure, x = 1(#2) exhibits a smaller c el /T values than x = 1(#1) below 1 K. We indicate γ n and its residual term γ res for the x = 0 sample in Fig. 3(a) as an example. Here we evaluate γ res ≡ c el /T (T → 0 K) using a liner extrapolation. The low-temperature c el /T and its linear extrapolation for each sample is shown in Fig. 3(b) .
It is well known that the low-temperature c el /T reflects the superconducting gap anisotropy. For x = 0 and 0.2, c el /T does not depend on temperature below ∼ 1 K. This indicates that the superconductivity for x ≤ 0.2 is fullygapped. On the contrary, the c el /T for x = 0.5, 0.9 and 1 exhibits noticeable temperature dependence. The samples with x = 0.5 and 1(#2) have small value of γ res and thus should represent nearly intrinsic temperature dependence. In contrast, x = 0.9 and 1(#1) have higher γ res with weaker temperature dependence. For x = 0.84, γ res is even higher and the temperature dependence diminishes at low temperatures. It has been known that the temperature dependence of c el /T for T ≪ T c becomes weaker if impurity scatterings exist [21] . Thus, the observed overall tendency is most consistent with an anisotropic or nodal superconducting gap for x 0.5. These results are consistent with the specific heat results in Ref. [15] . We also compare these results to the NMR spin-lattice relaxation rate 1/T 1 in Ref. [10] . The temperature dependence of 1/T 1 taken down to ∼ 1.5 K for x = 0.5 and 0.8 is fit using conventional BCS theory. Thus, it is important to examine the behavior of 1/T 1 at lower temperatures in order to resolve the apparent inconsistency.
The cation-substitution-dependence of γ res displayed in Fig. 3(c) shows no systematic trends. This is consistent with the interpretation that γ res originates from defects or impurities. Further discussion is based on the x = 0, 0.2, 0.5, and 1(#2) samples, which exhibit smaller γ res values and are thus more likely to exhibit intrinsic behavior.
In order to examine the gap structure in more detail, we evaluate the normalized superconducting electronic specific heat:γ ≡ [c el (T )/T − γ res ]/[γ n − γ res ]. We plot γ of the x = 0, 0.2, 0.5, and 1(#2) samples against the reduced temperature T /T c in Fig. 4(a) . Curves based on the conventional strong-coupling BCS model [22] with ∆ 0 /k B T c = 2.18 and the weak-coupling BCS model (∆ 0 /k B T c = 1.76) are also presented. For x ≤ 0.2, the temperature dependence ofγ is well explained by the former model. The ∆ 0 /k B T c value obtained is somewhat larger than that from another specific heat study [15] and the NMR 1/T 1 result [10] . A clearly reduced specificheat jump at T c is observed for x = 0.2 and x = 0.5. This change corresponds well with the change in the superconducting gap anisotropy revealed by the low-temperature behavior ofγ. For x = 0.5 and x = 1(#2), the overall temperature dependence is similar; however, a noticeable deviation is seen at low temperatures. Note that the coherence peak in NMR 1/T 1 just below T c is observed for x = 0.5, but is absent for x = 1 [10] , indicating a spinsinglet-dominant state for x = 0.5 and a spin-tripletdominant state for x = 1. Thus, the observed difference inγ(T ) is ascribable to this change in the spin singlettriplet mixing ratio.
Here, we examine whether our results are explained by the simple model proposed by Yuan et al. [8] . They assumed two Fermi surfaces split by the anisotropic spinorbit interaction caused by the absence of inversion symmetry. They further assumed that the superconducting gap function of Li 2 (Pd 1−x Pt x ) 3 B belongs to the irreducible representation A 1 , and the gap amplitude is expressed as ∆ ± (k) = ∆ 1 ± ∆ 2 |g(k)| for the two Fermi surfaces. Here, ∆ 1 and ∆ 2 are the magnitudes of the spin-singlet and spin-triplet components, respectively, and g(k) is the dimensionless g-vector which represents the spin anisotropy due to anisotropic spin-orbit interaction. From the comparison with the penetration depth data, this model suggests that a fully-gapped spin-singletdominant state (∆ 1 > ∆ 2 ) is realized for x = 0, and a nodal spin-triplet-dominant state (∆ 1 < ∆ 2 ) for x = 1. In the spin-triplet-dominant state, the gap on one of the Fermi surfaces ∆ − (k) = ∆ 1 − ∆ 2 |g(k)| has line nodes, whereas the other Fermi surface ∆ + (k) = ∆ 1 + ∆ 2 |g(k)| remains fully-gapped as long as ∆ 1 = 0.
The spin-singlet-dominant state, as evidenced by the existence of a coherence peak of the NMR 1/T 1 , has been reported for x = 0.5 [10] . On the other hand, the emergence of an anisotropic superconducting gap is also evident even at x = 0.5 by the power-law behavior ofγ in Fig. 4(a) and Ref. [15] . Even in the region where the spin-singlet component is dominant, anisotropic superconducting gaps develop with an increase of ∆ 2 , which can lead to gap anisotropy [3] . On further increasing x, this singlet-dominant anisotropic state changes to the triplet dominant nodal state above x ∼ 0.9. This change is possibly triggered by the change in the local lattice distortion, which also causes the phonon anomaly revealed in this study.
At this stage, the role of this phonon anomaly in the superconductivity is not clear. Further investigation of the relation between the phonon spectrum and the superconductivity as a function of x is an interesting future issue.
In summary, we investigated the Pd-Pt substitution dependence of properties of the noncentrosymmetric superconductor Li 2 (Pd 1−x Pt x ) 3 B by specific heat. We find that the deviation of the phononic specific heat from the conventional Debye law grows as x increases. The deviation exhibits a broad maximum around x ∼ 0.9, indicating a phonon anomaly developing toward the lattice instability at x ∼ 0.9 [10] . In the superconducting state, a power-law temperature dependence of the electronic specific heat for x = 0.5 suggests the presence of anisotropy or nodes in the superconducting gap. Considering the correlation between the power-law temperature dependence and the residual coefficient, it is most probable that the anisotropic gap developing even at x = 0.5, persists into the region beyond the lattice instability at x ∼ 0.9, where a spin-triplet-dominant state is suggested.
